Abstract. The nonlinear dynamics of unstable alongshore currents in the nearshore surf zone over variable barred beach topography are studied using numerical experiments. These experiments extend the recent studies of Allen et al. [1996] and SImm et al. [1998], which utilized alongshore uniform beach topographies by including sinusoidal alongshore variation to shore parallel sandbars. The model involves finite difference solutions to the nonlinear shallow water equations for forced, dissipative, initial value problems and employs periodic boundary conditions in the alongshore direction. Effects of dissipation are modeled by linear bottom friction. Forcing for the alongshore currents is provided by gradients in the radiation stress, which are specified using linear theory and the dissipation function for breaking waves formulated by Thornton and Cuza [1983]. Distinct flows develop depending on the amplitude c and wavelength A of the topographic variability and the dimensionless parameter Q, the ratio of an advective to a frictional timescale. For Q greater than a critical value Qa the flows are linearly stable. For Q = -Q > 0 the flow can be unstable. For small values of Q the effect of increasing is to stabilize or regularize the flows and to cause the mean flow to approximately follow contours of constant depth. Equilibrated shear waves develop that propagate along the mean current path at phase speeds and wavelengths that are close to predictions for the most unstable mode from linear theory applied to alongshore-averaged conditions. At intermediate values of zXQ, unsteady vortices form and exhibit nonlinear interactions as they propagate along the mean current path, occasionally merging, pairing, or being shed seaward of the sandbar. Eddies preferentially form in the mean current when approaching alongshore troughs of the sandbar and break free from the mean current when approaching alongshore crests of the sandbar. At the largest values of Q examined the resulting flow fields resemble a turbulent shear flow and are less strongly influenced by the alongshore variability in topography. As the amplitude of the alongshore topographic variability increases, alongshore wavenumber-frequency spectra of the across-shore velocity show a corresponding increase in energy at both higher aiongshore wavenumbers and over a broader frequency range with significant energy at wavenumbers of topographic variability and harmonics. Across-shore fluxes of mass and momentum generally increase with increasing topographic amplitude and increasing zQ. Time-and space-lagged correlations of the across-shore velocity show that correlation length scales decrease as topographic perturbation amplitudes increase. Terms from the vorticity equation show that the alongshore variation of the radiation stresses and the value of Q are of importance to the flow behavior. Hybrid experiments separating effects of spatially variable forcing and the dynamic influence of topography on time-averaged currents show that the effects are generally comparable with the relative importance of each effect a function of AQ. The results show that topographic variability has a significant influence on nearshore circulation.
involves finite difference solutions to the nonlinear shallow water equations for forced, dissipative, initial value problems and employs periodic boundary conditions in the alongshore direction. Effects of dissipation are modeled by linear bottom friction. Forcing for the alongshore currents is provided by gradients in the radiation stress, which are specified using linear theory and the dissipation function for breaking waves formulated by Thornton and Cuza [1983] . Distinct flows develop depending on the amplitude c and wavelength A of the topographic variability and the dimensionless parameter Q, the ratio of an advective to a frictional timescale. For Q greater than a critical value Qa the flows are linearly stable. For Q = -Q > 0 the flow can be unstable. For small values of Q the effect of increasing is to stabilize or regularize the flows and to cause the mean flow to approximately follow contours of constant depth. Equilibrated shear waves develop that propagate along the mean current path at phase speeds and wavelengths that are close to predictions for the most unstable mode from linear theory applied to alongshore-averaged conditions. At intermediate values of zXQ, unsteady vortices form and exhibit nonlinear interactions as they propagate along the mean current path, occasionally merging, pairing, or being shed seaward of the sandbar. Eddies preferentially form in the mean current when approaching alongshore troughs of the sandbar and break free from the mean current when approaching alongshore crests of the sandbar. At the largest values of Q examined the resulting flow fields resemble a turbulent shear flow and are less strongly influenced by the alongshore variability in topography. As the amplitude of the alongshore topographic variability increases, alongshore wavenumber-frequency spectra of the across-shore velocity show a corresponding increase in energy at both higher aiongshore wavenumbers and over a broader frequency range with significant energy at wavenumbers of topographic variability and harmonics. Across-shore fluxes of mass and momentum generally increase with increasing topographic amplitude and increasing zQ. Time-and space-lagged correlations of the across-shore velocity show that correlation length scales decrease as topographic perturbation amplitudes increase. Terms from the vorticity equation show that the alongshore variation of the radiation stresses and the value of Q are of importance to the flow behavior. Hybrid experiments separating effects of spatially variable forcing and the dynamic influence of topography on time-averaged currents show that the effects are generally comparable with the relative importance of each effect a function of AQ. The results show that topographic variability has a significant influence on nearshore circulation. 16, 972 SLINN ET AL.: ALONOSHORE CURRENTS OVER VARIABLE BEACHES from the shoaling wave field to the mean currents. Recent observations at Duck, North Carolina, by Oltman-S/may et al. [1989] have found propagating disturbances in alongshore currents that have been interpreted as shear instabilities of the mean currents by Bowen and Holman [1989] using linear analysis. Numerical models have shown that these disturbances can become nonlinear and contribute to time dependence in the alongshore currents [Allen et al., 1996] . Another factor in producing alongshore variability in alongshore currents has been suggested by Putrevu et al. [1995] and A. J. Reniers et al. ( Effects of alongshore nonuniformities on longshore currents measured in the field, submitted to Journal of Geophysical Research, 1998) , who point to possible contributions from alongshore pressure gradients coupled to the bathymetry. Wu et al. [1985) have included contributions from time-averaged nonlinear convective accelerations in their examination of field measurements of alongshore currents over variable topography.
Several fundamental aspects of the dynamical behavior of alongshore currents over nonuniform topography have yet to be explained. How does the resulting flow depend on beach topography, dissipation processes, and the forcing conditions? How do flow instabilities interact with alongshore topographic variations for unsteady flows? Do offshore directed rip currents increase in the presence of rip channels in offshore bars? How do wavelike vorticity disturbances propagate over variable topography? The purpose of our present study is to extend the work of Allen et al. [1996] and Slinn et al. [19981 to include alongshore variability in the beach topography. The primary objective is to examine the effects that alongshore variations of barred beach topography have on the resulting nonlinear flows.
The numerical experiments of Allen et al. [19961 and Slinn et al. [1998] involve finite difference solutions to the nonlinear shallow water equations for dissipative, initial value problems with idealized forcing. Allen et al. [1996] showed that the flow response over a plane beach depends on a dimensionless parameter Q = JIL/VMhO, representing the ratio of an advective to a frictional timescale, where ji is the bottom friction coefficient, VM is the maximum alongshore velocity, and h0/L is the beach slope. Below a critical value Qc the flows are linearly unstable, and disturbances grow initially at the wavelength of the most unstable The experiments of Slinn et al. [1998] include uniform shore parallel sandbars with the radiation stress gradients calculated using the dissipation model of Thornton and Guza [1983] . For small values of L\Q over barred beaches, equilibrated shear waves develop that propagate alongshore at phase speeds and wavelengths that are in agreement with predictions from linear the--ory for the most unstable linear mode. At intermediate values of iQ, unsteady vortices form and interact in a nonlinear manner as they propagate alongshore. At higher values of LQ the alongshore current generates vortices that are shed seaward of the bar, creating an energetic eddy field in the region just offshore of the surf zone. The shear waves and eddies diffuse alongshore momentum across shore and may produce strong alongshore currents in the trough where active surface wave breaking is diminished.
Several questions concerning the behavior of alongshore currents in the presence of alongshore variability in topography remain unanswered. Do alongshore variations in the topography stabilize or destabilize the flow? Will disturbances at topographic length scales dominate those at wavelengths of the linearly unstable shear waves? What role do alongshore pressure gradients play in the time-averaged momentum balance for nonlinear flows? How sensitive are the flows to the level of approximation used in formulating the radiation stress model? Are across-shore fluxes of momentum by finite amplitude flow instabilities enhanced by alongshore variability? Do time-averaged currents accelerate when the water depth decreases? How do eddy fields and turbulence respond to alongshore bathyrnetnc variations? We attempt to address these questions by conducting numerical experiments.
Our approach is to select a barred beach profile similar to topography measured at Duck, North Carolina, and perturb it with sinusoidal alongshore variations with wavelength A and amplitude e. The topography is held fixed for experiments in which the bottom friction coefficient is varied. In the present study we use a two-dimensional radiation stress model coupled to the topography to assess the effects on the time-averaged flow of horizontal momentum diffusion from current instabilities, of pressure gradients, and of variations in the radiation stress gradients. We purposefully avoid complications from the inclusion of additional uncertain horizontal diffusive processes. In these experiments we focus on a study of the dependence of the general characteristics of the flow on the magnitude of Q, e, and A and do not pursue detailed comparisons with field data. The nature of the flow response is found to depend sensitively on these parameters. Given this sensitivity and the fact that quantitative representations of bottom frictional processes in the surf zone are not well established, we feel the present process-oriented studies are a desirable prerequisite to studies that attempt direct simulations of conditions during field experiments.
The paper is organized into four sections. Section 2 contains the problem formulation. Section 3 describes numerical experiments, and Section 4 gives a summary and conclusions.
lutions to the shallow water equations for idealized, forced, dissipative, initial value problems are utilized to study the nonlinear dynamics associated with shear instabilities of alongshore currents in the surf zone over shore parallel sandbars with sinusoidal alongshore variations in the sandbar height. We select the simplest fluid dynamical system that retains the essential physics of this problem. The model geometry is periodic in the alongshore direction and bounded offshore of the region of interest by a vertical wall. Forcing effects from obliquely incident breaking surface waves are approximated by a steady force in the momentum equations. Dissipation is modeled by linear bottom friction. Weak biharmonic friction is included to provide additional numerical dissipation at high wavenumbers in the finite difference solutions. The rigid lid approximation is also invoked.
The governing shallow water equations are employed in dimensional form as
where Cartesian coordinates (z, y) are aligned acrossshore and alongshore, respectively, where x = 0 at the coast, t is time, (u,v) are velocity components in the (x, y) directions, p is pressure, pa is the constant fluid density, h = h(x, y) is the depth, p is a bottom friction coefficient, and v is a small biharmonic diffusion coefficient iPhiilips, 1959; Siinn et aL, 1998; Dnrran, 1999] .
Steady forcing terms F) and F(V), determined from the gradients of the radiation stress tensor, are applied to the momentum equations to represent momentum input from breaking surface waves. The rigid lid approximation is utilized [e.g., Bowen and Hoiman, 19891 on the basis of the assumption that the characteristic timescale is the advective timescale tc = Lg/q and on the basis of the scaling estimate that V << 9h0, where .q is the acceleration of gravity and VM is the maximum current velocity qver the sandbar in water depth h0 at x = xo = L5. The latter condition is reasonably well satisfied for typical scale values VM 1 m and h0 2 m. Equivalent wave setup, determined by converting the pressure field induced by the radiation stresses to an equivalent_free surface perturbation height q with 9hz = Pr/Pa = for the beach and wave field parameters used below does not greatly change the water depth from the rigid lid values. For example, these conditions would result in setup over the sandbar of -0.003 m in a mean local water depth of 1.8 m. Near the shoreline, at the pressure grid point closest to the shore (xo = I m) the setup reaches a maximum value of 0.02 m in a depth of water of 0.075 m. For the specified beach slope, including the setup in the water depth would result in moving the shoreline only 0.25 m shoreward, a negligible distance for the processes of our focus. Dynamic effects of wave setup are included directly in the pressure and forcing formulation within the rigid lid approximation.
Alien et at [1996] showed that Q = PLS/(VMhO) is the primary dimensionless parameter upon which the solutions depend. Note that Q represents the ratio of an advective tirnescale LS/VM to a frictional tirnescale ho/p. The numerical experiments reported here are performed in dimensional variables. The dynamical similarity for a specified beach bathymetry and the dependence on the dimensionless parameter Q can be recovered, of course, by rescaling. We adjust Q through variation of p where # = Cf khms[ Here tirms is the mean wave orbital velocity, and Cf is the dimension- The bathymetry of the model is described in Appendix A and shown in Figure 1 for different amplitudes c of alongshore variation. The (r, y) dimensions of the domain are (L@'),L(W). The model is periodic in they direction with period L(L) = 768 in. We choose L(T) ( 512 m) large enough that the behavior of the flow is not influenced by the finite domain size in x. The sandbar in Figure 1 is centered at xc = 80 m.
The numerical model is described in detail by Allen ci al. [1996] . It is a finite difference model written in conservation form on a staggered (C) grid using AdamsBashforth time stepping and a direct Poisson solver to obtain the pressure field. The modification of the pressure solution procedure here for variable topography is described in Appendix B. The grid spacing is uniform (Ax = Ay = 2 m), and the time step At 0.2 s. The biharmonic friction coefficient v = 1.25 m4 s is set so that the biharmonic friction, which adds numerical damping at small length scales ( 4 m), has negligible influence on the dynamics of the instabilities of interest here [Slinn et al., 1998) .
The boundary conditions in x correspond to no normal flow at the shore and at the offshore boundary, i.e., hu=0, x=0,L". The alongshore and time averages of a quantity are given by ((u) (13) where the nonlinear terms have been separated into mean components, c NL = ((u) (<) + ((v) (()),, and eddy components
We note that with the stream function defined in (5), the vorticity equation (13) provides a single governing equation in one variable . Consequently, the relevant dynamical balances may be determined by an examination of the relative size of the terms in (13).
The radiation stress forcing model (described in Appendix C) utilizes the Thornton and Guza [1983] parameterization for the wave energy dissipation by breaking waves and provides steady forcing terms F) and F( for the momentum equations ((ib) and (ic)). The model parameters are specified in Appendix C. To assess effects of different forcing models, additional experiments were run with forcing specified using different levels of approximation to determine the radiation stresses over variable topography. In the first such approximate system, called the "average h(x) model," F(x) and are made uniform alongshore by assuming that the topographic variations in y are small and calculating the radiation stresses based upon the alongshoreaveraged topography h(x). This level of approximation might be invoked as an estimate for weakly varying topography in modeling field data when detailed information about the alongshore variability of the beach bathymetry might be unknown. A second level of approximation to the radiation stress model, called the "local one-dimensional (1-D model)," is described in Appendix C.
Results for steady, linear, frictionally balanced alongshore currents v(x,yo), at yo = 97 and 193 in for the wave field parameters specified in Appendix C, for p = 0.1 mC1, e = 0.2, and A = 25Gm, from the two approximate forcing models are compared with the full 2-D model in Figure 2 . These results were produced utilizing the finite difference model of (la)-(lc) and running the experiments until a steady flow developed. Note that the artificially large value of p = 0.1 ms1 results in small values of v(x,y). At high friction the primary vorticity balance is between gradients of the radiation stress and the bottom stress, with a small contribution from the biharmonic friction for x < 20 m,
Note that the corresponding primary momentum bal- The growth rate icc1 for the most unstable linear mode is plotted as a function of k in Figure 3 for different values of the bottom friction coefficient p for experiments with e = 0. The velocity profiles used in the linear stability calculations are the steady linear frictionally balanced alongshore currents that would result from a balance between forcing, friction, and biharmonic friction (i.e., VTGE(X) by SIMm et at. [1998] ).
These are linearly unstable at the specified values of p with the fastest growing linear mode having a wavelength of -134 m. The growth rates increase as p is Table 1 .
Linear stability analysis is not applied for flows with c > 0 because the steady alongshore velocity fields are functions of y in addition to x. Growth rates of energy in different alongshore modes at early (linear) times The amplitude of the alongshore topographic perturbation c, the bottom friction coefficient p, the wavelength of the topography A, the governing dimensionless parameter Q, the instability parameter AQ/Qc = (Qc -Q)/Qc, the local maximum of the forcing proflle VTGEm over the sandbar, and the average across-shore meanders of time-averaged stream functions M defined in (21). less unstable. As friction decreases further at c = 02, the stabilizing effect of the topographic variability becomes less apparent from the time series as the fluctuations become increasingly irregular. The time mean of u is positive at this location for c = 0.2, while it is negligibly small for 6 = 0, as expected from continuity for a homogeneous flow.
Note from Figure 4 that the observable growth of the disturbances occurs at later times for the higher frictional cases, as expected from the results of the linear stability analysis. Since the time of development of the instabilities depends on the magnitude of the perturbations present, we do not attach particular significance to the initial flow behavior.
Instantaneous vorticity fields from experiments at four frictions and c = 0, 0.1, and 0.2 are shown at t = 10 hours in Plate 3. At fixed values of , decreasing the friction leads to more complex vorticity fields. For 6 = 0 the flow progresses through the different flow regimes described by Slinrt et at. [1998] 
Statistical Description
The differences between the steady flows, the equilibrated shear waves, and the progressively more unsteady cases at lower friction are illustrated by the alongshore wavenumber-frequency spectra of the acrossshore velocities in Figure 5 for different values of c and p with A = 256 m. The spectra in these experiments are calculated from t4xo,y,t) at x0 = 100 m. This value of x0 is generally close to the location of the maximum of (v). (The characteristics of (v) are discussed later and shown in Figure 6 .) For the highest frictional case, p = 0.00546 m s' and = 0, the energy is strongly localized at the particular point (k,w) = (0.0491 m"t,O.OlOQ s"). Approximately 2 orders of magnitude more energy are found at this (k, w) point than at any other point. The corresponding wavelength is Ae = 2ir/k = 128 m, and the period is T = 2ir/ = 576 a. This wavelength agrees with the estimate from the vorticity field in Plate 3, which shows six disturbances with alongshore length scales of 128 m, and this period agrees with that observed from the u time series in Figure 4 . range of wavenumbers and to higher frequencies as E increases. At p = 0.00136 in s differences with e are still detectable but are less significant as each flow has similar phase velocity and distribution of energy at high and k.
To examine the effect of the choice of x0 on the estimate of CO = w/k, alongshore wavenumber-frequency spectra from the vorticity fields were calculated for different across-shore positions of 40 < xo < 160 m. The resulting energy distributions and estimates for c0 are remarkably independent of x and of the local mean velocities (v). One difference observed in the spectra at to = 40 m, only for experiments at p = 0.00273 in s1, is a second band of energy with an apparent phase velocity close to the time-mean alongshore current velocity (v) of the inner jet, which is centered at approximately = 20 m. The energy levels in this band are approximately an order of magnitude lower than the energy in the shear wave band at this offshore location. This evidently reflects the fact that although most of the disturbances propagate alongshore as waves, some energy near the shore is carried with the mean currents. Table I for the experiments shown in Plate 5. A direct comparison of the mean streamlines with the contours of constant depth indicates that for A 256 m, the mean streamlines actually have greater across-shore deflections while for A 128 m, the opposite is true. In addition to the variations with A of the spacing between alongshore topographic crests, the experiments differ in a number of ways that can have a dynamic impact on the flows. These differences include the changes in F(x) and p() dependent on A and the changes in the alongshore topographic slope h over the sandbar, which decreases as A increases. Increased across-shore meandering of the mean current occurs for A ? 128 m. For the two experiments with A < 128 in the mean and rms vorticity fields appear to vary in intensity more dramatically in the alongshore direction but with less change in the across-shore position.
Wavenumber-frequency spectra for the experiments with different values of A (not shown) at p = 0.00273 m s1 and e = 0.1 are very similar. As A decreases, there is a slight increase in energy at higher wavenumbers and frequencies. The largest difference is that For decreasing p the mean current follows straighter alongshore paths. Across-shore diffusion of the alongshore momentum increases for decreasing p as indicated by the broader across-shore extent of closely spaced streamlines, which reflect regions of relatively larger alongshore flow. at lower friction. For decreasing friction the perturbation energy grows stronger but remains focused about the path of the strongest mean currents. For all of the experiments with c = 0.2 the mean and perturbation kinetic energies exhibit significant alongshore nonuniformity. Stronger mean kinetic energy is observed at alongshore positions close to y = 128 and 384 m where the sandbar is largest, the water is shallowest, and the mean current is farthest from the shoreline.
The perturbation (eddy) kinetic energy for the lower frictional experiments, p = 0.00273 and 0.00136 m is strongest in regions where the mean current is directed offshore. Comparison of the offshore positions of the mean and perturbation energy for these experiments shows that eddies preferentially break away (offshore) from the mean current at locations where the mean current is directed offshore near the point of its farthest offshore excursion. Weaker eddy energy density within the mean current dowiistream of these locations supports the conclusion that the eddies preferentially leave the mean current as it meanders offshore around alongshore crests in the sandbar. 
Across-Shore Fluxes
The time-and aloiigshore-averaged across-shore mass flux (hu) is necessarily zero from continuity. In order to compare integrated across-shore mass fluxes from different experiments we define the quantity hu+ =hu when u > 0 and hu+ = 0 for u < 0 and call (hu+) the positive time-and alongshore-averaged across-shore mass flux. The quantity (hu+) is plotted in Figure 8 The experiments at p = 0.00273 and 0.00136 m s1 are highly nonlinear and unsteady, and the local hot spots of eddy activity or perturbation u' velocity support the conclusion drawn from Plate 6 that preferential locations exist for the eddies to form and break away from the sandbar. For p = 0.00273 m s the h(u'2) contours suggest that the eddies preferentially break away from the mean current at alongshore positions ho 80, 340, and 600 m, where the mean current is directed offshore and is approaching its farthest offshore excursion and where the water depth is decreasing (upsiope) as the current approaches alongshore crests of the sandbar. Plate 7 supports the conclusion that eddies are most strongly generated after the alongshore crests, remain within the mean current through the alongshore troughs, and break away from the mean current when approaching the alongshore crests. For p = 0.00546 m s the forcing is balanced by bottom friction and the contribution from the nonlinear time mean flow. The flow is steady, and eddies make no contribution. For decreasing p the frictional contribution decreases and follows a straighter alongshore path. For each experiment the frictional contribution varies in the alongshore direction, and to a first approximation, increases over alongshore crests, where the water is shallower and decreases over alongshore troughs. This 0.000 scending slope. The observation that within the mean current the eddy terms are weakest near yo = SO and 300 m suggests that as the current approaches an alongshore crest of the sandbar (upsiope), the eddies leave the mean current. This result is consistent with the location of the largest gradients in (KE') in Plate 6 and also holds for the lowest frictional experiment, though less distinctly because the eddy term is relatively strong along a larger portion of the sandbar. These results are particularly noteworthy because positive contributions For experiments with c = 0 (not shown), terms of the vorticity balance are approximately alongsliore uniform, and the mean nonlinear term is approximatcly zero, as expected for a long enough time average. Thus, for e = 0 the forcing is balanced by a combination of friction and eddy contributions. As p decreases, the contribution from friction decreases, and the eddy fields intensify. For e = 0.2 and 0.1 all of the fields in the vorticity balances show strong indications of the topographic length scale and periodicity. This result is expected because the forcing is coupled to the topography through the radiation stress and emphasizes the importance of the radiation stress model.
The terms from the time averaged y momentum bal-
ance (11) Inside of 20 m, diffusion by the biharmonic friction contributes to the momentum balance as a result of the large gradients in (iI) near the coast. For x > 20 m, biharmonic friction plays essentially no role in the momentum balance. The residual term is the sum of the other terms in the equation and is small and would be expected to be zero for a long enough time average over a statistically steady flow. In these experiments, averaged in time over S hours, this assumption is approximately satisfied. Positive values for terms in Figure 10 act to decelerate the flow.
The relative strengths and across-shore structure of each term varies with alongshore position. A primary balance at each location is between the forcing and the friction. The across-shore structure of the friction shows where the mean flow is closer to shore. The effects of the pressure gradient in the trough are compensated by changes in the nonlinear term, which is generally opposed to the pressure gradient, and from local differences in forcing from the gradients of the radiation stresses. In regions where the forcing is stronger than average the pressure gradient adjusts to decelerate the flow and in regions of weaker forcing the pressure gradient compensates to accelerate the alongshore current. The combination of these forces results in velocities in the trough of similar magnitude at different alongshore positions. The nonlinear term represents the time-averaged across-shore flux of aiongshore velocity by the mean current and eddies and has the greatest magnitude at y = 65 m where the topography has its steepest ascending slope, consistent with the interpretation from Plate 6 that this is the location of the strongest offshore eddy fluxes.
Hybrid Experiments
Two differences exist between the experiments over uniform alongshore beaches (e = 0) and those over alongshore variable beaches (e.g., e = 0.2). First, the distribution of the forcing through F(r) and F(V) is changed, and second, the dynamic influence of the topography on the steady or time-dependent currents is modified. To isolate and estimate the relative impact of each of these effects, two types of hybrid experiments are examined. In one type of hybrid experiment, forcing determined for the alongshore variable beach (e = 0.2) is applied in numerical experiments over alongshore uniform beaches (c = 0). In the second type of hybrid experiment, uniform alongshore forcing (c = 0) is applied in experiments over alongshore variable beaches = 0.2). Results from these two types of hybrid experiments are compared with the standard experiments for E = 0.2.
A prominent characteristic of flows over alongshore variable topography is the across-shore meandering of the time-averaged streamlines. The across-shore extent of the meanders can be quantified by the average rms deviation of the stream function from its alongshore mean M defined in (21). The ratio of M/Mc, where Mc is the value of M for the standard experiments at the same value of t, is shown for experiments at different values of p in Table 2 .
The largest normalized total across-shore meandering (Mc = Mc/h0L0V0) occurs for p = 0.01 as steady nonlinear effects become significant (see Plate 2). Both effects of topography on time-averaged flows, through variable forcing and interactions with topography, are significant. Hybrid experiments with variable forcing showed a relatively larger proportion of across-shore meandering than did hybrid experiments with variable alongshore topography. The largest differences in relative response occur for higher values of p with differences decreasing as p increases.
The separate effects contributing to across-shore meandering do not generally sum linearly to the combined magnitude of M/Mc for the standard experiments. For the steady experiments at p = 0.00546 m s, however, this is nearly the case, with 55% of the across-shore meandering occurring for variable forcing and 45% occurring for variable topography. For the unsteady flows at p = 0.00273 m s1, across-shore meanders in each hybrid experiment are approximately equal, at 55% of Mc.
Summary
Results of numerical experiments of the nonlinear development of alongshore currents over sinusoidal barred beaches have been presented. In these experiments the forcing is coupled to the bottom topography through the gradients of the radiation stress that parameter- The flows are started from rest. For the alongshore uniform case = o, propagating disturbances grow with wavelengths and phase speeds predicted by the linear stability theory. At higher values of p the effect of variable topography is to stabilize or regularize the flow. The mean alongshore current follows a curvilinear path approximately following contours of constant depth. The wavelength of the mean current is set by the wavelength of the topographic variability A. Shear waves travel along the curvilinear path and may be equilibrated, fluctuating, or strongly turbulent depending on p. In each of the different classes of shear flow, shear waves propagate alongshore at a dominant characteristic phase velocity significantly lower than the maximum time mean current velocities.
At lower values of p the shear waves form patches of vorticity that break offshore from the mean current. For c = 0.1 and 0.2, offshore excursions of eddies preferentially occur at alongshore positions where the mean current is approaching a topographic high in the sandbar and the water is becoming shallower. The region downstream of the sandbar crest, where the water is again becoming deeper, appears to be favorable for the reformation of new eddies from the current instabilities. At the lowest values of friction, inertial effects are stronger, and the flows are strongly turbulent for all values of c examined. For c 0.1 and 0.2 the time mean current travels a straighter route with a weaker tendency to follow contours of constant depth. Eddies still exhibit a weak preference to break away from the mean current when the mean current is at its farthest offshore excursion, but the eddies also may leave the mean current at any alongshore position depending on turbulent interactions. The eddies may persist offshore of the sandbar for several hours.
Mean and rms velocity and vorticity fields and terms from the momentum and vorticity balances also contain variability at the topographic length scales. In experiments at p = 0.00273 m where A is varied, as A decreases, the advective timescale A/ (v) decreases, and the meanders in the mean flow decrease.
Equilibrated waves are distinguishable from the more irregular flows that develop at lower friction by the regularity of the velocity fluctuations in time series and by the strong qualitative differences in appearances of the wavenumber-frequency spectra. For equilibrated shear waves, energy is tightly confined around the particular w and k values corresponding to the dominant frequency and wavenumber of the steadily propagating waves. For larger topographic variations the energy in equilibrated waves increases at harmonic frequencies and wavenumbers. Wavenumber-frequency spectra show that at low friction (p = 0.00273 and 0.00136 m r') the effect of increasing c is to spread energy to a broader range of wavenumber and frequency generally about a line corresponding to the phase velocity of the unstable vorticity waves w/k = c0. For the most turbulent flows, differences with e are less pronounced. There is also substantial energy at zero frequency and at the wavelength associated with the topographic scale.
The time mean alongshore currents (v) plotted in Figure 6 demonstrate that at low friction, turbulent eddies caused by shear instabilities of the alongshore current are responsible for diffusing alongshore momentum into the trough. The differences in the strength of currents in the trough are small at different alongshore positions for the low friction experiments. At higher friction the differences between the strength of currents in the trough is predominantly due to the meandering of the mean current and not to the effects of eddies or shear waves. The meandering of the current appears to be strongly associated with differences in the forcing through the gradient of the radiation stresses over variable topography. Where the water is deeper over the sandbar, the surface waves break closer to the shore, and the momentum input through forces alongshore currents closer to the shore (e.g., Plates I and 8).
Where the water is shallower over the sandbar, wave breaking and forcing of the alongshore currents occurs farther offshore. These results emphasize the sensitivity of the resulting nearshore circulation to the distribution of the radiation stresses.
A net effect of increasing is to increase the acrossshore fluxes of mas.s and momentum. This occurs primarily by contributions from the mean current. Contributions to the across-shore fluxes from eddies increase with decreasing p hut are relatively insensitive to changes in E. Another measurable effect of increasing c is the decreasing of the correlation length scales observed by time-and space-lagged correlations.
Alongshore momentum balances at different alongshore positions show that alongshore pressure gradients are associated with acceleration of the flow on the downslope of an alongshore topographic high and with deceleration of the flow on the upslope of the topographic features. Over alongshore crests and troughs the alongshore pressure gradients are negligibly small, and other dynamics, nonlinearity, friction, and forcing, are balanced. Vorticity balances show that the forcing is balanced by friction, eddy fluxes, and mean nonlinear flow. As friction decreases, there is a corresponding increase in the contribution of the eddies. The eddy contribution is not uniform alongshore but is strongest on the downslope phase of the topography.
Hybrid experiments designed to separate the effects of variable forcing from the dynamic influence of the topography on the current show that the relative importance of each mechanism depends on the bottom friction. At higher friction the contribution from alongshore variations in the radiation stress gradients generally produces larger across-shore meanders of the timeaveraged alongshore current than are produced by direct topographic interactions. As friction decreases and the flows become increasingly nonlinear, the two complimentary topographic effects become approximately equal in magnitude at producing the across-shore meanderings of the alongshore current, each producing approximately half of the total meandering observed in the coupled experiments. Overall, these experiments have shown that alongshore topographic variability is an important factor in the dynamics of alongshore currents.
Appendix A: Bottom Topography
The depth h(x,y) is given by being the beach slope offshore of the sandbar, 'Yi = b1/b2, xc = 80 m is the location of the sandbar, specifies the magnitude of the alongshore variation, n specifies the number of wavelengths of the sinusoidal topography in the alongshore domain, and coefficients A1 = 2.97 and A2 = 1.5. For f = 0 this beach profile is an approximate fit to topography measured at Duck, North Carolina, on October 11, 1990, as part of the DELILAH field experiment [Lipprnann et at., 2000] and was used as beach 2 for the numerical experiments by Slinn et al. [1998] . We define A = as the wavelength of the topographic variability and At = A/sc as a nondimensional wavelength.
Appendix B: Solution Procedure for Pressure
The pressure solution method by Allen et al. [1996] is modified for variable topography in the following manner. The Poisson equation is derived by multiplying (ib) and (ic) by h and taking the x derivative of (ib) and the y derivative of (ic) and adding and applying (la) to form where po is the constant fluid density, Ii = h(x, y) is the depth, and the components of the radiation stress terms are [Mei, 1989] 
The wave energy and magnitude of the group velocity are defined from E = P0gHms/8 (C6) = -(i + sinh2,ch) (C7) where Hrint is the local rms wave height for a narrowbanded wave field, is the peak wave frequency, g is the gravitational acceleration (9.8 in s2), and ,c = (k2 + 12)1/2 is magnitude of the wavenumber vector. The magnitude of the wavenumber K S determined directly from the dispersion relation The finite difference form of the energy equation (Cli) is solved with a fourth-order Runge-Kutta marching procedure in the x direction from an offshore location at x = x1, outside of the region of wave breaking, utilizing second-order centered differences for derivatives in the along-shore y direction. Conditions required at x xj include Hrm8(Xj), Tp, and 0(zj), which are determined from the specified deep water wave angle 8o using Snell's law. We take Hrms(Xj) = 0. wave numbers 2irn/L(). The mode numbers n range from n = 0,1,... ,Ni, where N is the total number of grid points in y [Canuto et al., 1988] . The kinetic energy is defined as a function of the alongshore wavenumbers with KE(k,t) = [(k,t)Ii'(k,t) +i(k,t)i*(k,t)] (EC)) + (EC)) = -() , (Cii) where the dissipation function (fb(x,y)) is determined using [Thornton and Guza, 19831 3/FpogB3f9 Hms f (Hrms2 where f,, = 1/Tn is the peak frequency of the wave energy spectrum (assumed to be narrow band), -y is a dimensionless breaker index, taken here to be 0.43
(following typical values utilized by Thornton and Cuza ] 1986]), and B is an empirical constant that accounts for various breaker intensities. Optimal values of B in the Thornton and Guza [1983] model have been reported in the range between B = 1.5 ] Thornton and Guza, 19831 and B = 0.8 [Thornton and Guza, 1986 ]. Here we take B = 1.2. We determine the wave angle 0(x, y) by tracing rays over the variable topography from specified deep water offshore wave angle 90 = 135° (measured from the offshore direction). Rays are integrated shoreward [Lighthill, 1978] using a fourth-order Runge-Kutta technique: For c = 0.2 and p = 0.00546 m r' each alongshore mode achieves a steady level of energy after approximately t = 50 mm. The largest energy is in mode 0 (alongshore uniform) followed by modes 3 (256 m), 6 (128 rn), 9 (85 m), 12 (64 m), and 15 (51 m). In the experiments with c = 0.2 the primary forcing is at a combination of alongshore modes (e.g., modes 0, 3, 6, 9, 12, and 15) coupled to the alongshore variability of the topography at mode 3 (256 m). For = 0.2 and p = 0.00409 m r1 the dominant alongshore modes (0, 3, 6, 9, and 12) again achieve fairly distinct energy levels that fluctuate in time. The differences between ! = 0.00546 m s1 and p = 0.00409 m s support the observations in Figure 5 of the t -k spectra that the energy at later times is mostly at zero frequency for p = 0.00546 rn r' and at various fixed wavenumbers and frequencies for p = 0.00409 m s1. For = 0.2 and p = 0.00273 m r' the same topographic wavelengths first dominate the flow as for p = 0.00409 m s, but increased nonlinearities cause the primary harmonics (modes 3, 6, 9...) to become obscured by other modes with increasing energy as increases. At later times the two most energetic modes are from the mean flow (mode 0) and at the topographic wavelength (mode 3) A = 256 m.
